Abstract: Flash floods are one of the most significant natural hazards of today. Due to the complexity of flash flood triggering factors, to prevent or mitigate flood triggered losses, numeric model based flood forecasting models are capable tools to predict stream water levels. The main goal of the current research was to reproduce two flow peaks with the HEC-HMS rainfall-runoff model and test the model sensitivity for various input parameters. To obtain sufficient input data, we monitored soil depth, maximum infiltration rate, soil moisture content, rainfall, time of concentration and flow. To obtain input data, parameters were calculated, measured in the Sás Valley experimental watershed (SW Hungary) or optimized with the built in function of the HEC-HMS. Soil moisture was monitored in the 1.7 km 2 pilot catchment over the period between September 2008 and September 2009. HEC-HMS had a good performance reproducing the two events, however simulated flow time series are highly influenced by the antecedent soil moisture, infiltration rate and canopy storage. Outflow modeled data were verified for two flood events (June 4, 2008 and July 9, 2009). The HEC-HMS was over-sensitive for input soil moisture and with increasing input rainfall and increasing outflow, larger simulation errors were observed.
Introduction
In the past few decades, temporal frequency of flash flood events has been increasing. This is likely to be one of the hydrological consequences of global climate change, and also the more extreme behavior and variability of precipitation events. The number of the weather extremities has been increasing; however, these events are usually con-centrated on a small area (catchment) and are strongly influenced by topography [1, 2] . Thus, the temporal and spatial distribution of precipitation is a major issue in flash flood forecasting and stormwater management. It is usually called the "too much water, too little time" problem. Prediction and analysis of these types of floods is a complex topic, as excess runoff is concentrated over a short period of time [3, 4] . The changing frequency of torrential rainfall not only alters streamflow characteristics, but may also carries nutrients, silts and hydrocarbons, chlorinated organics and heavy metals from surfaces of buildings directly into watercourses and other water bodies [5] . Undoubtedly, precipitation is a very important condition for triggering flash floods, but other environmental fac-tors, such as relief, land cover, and soil parameters must also be considered. According to the latest studies, watersheds with outflow points located at the foothills are the most relevant areas for flash flood generation in Hungary [6, 7] . Due to the relatively high relief, additional discharges from ephemeral streams and springs may significantly contribute to enlarged flow [8] . As the temporal frequency of catastrophic flash floods has been increasing over the past decades, their economic consequences exert increasing stress on society. Frequently, these events cause economic damage -for instance in agronomy, infrastructure, and private property -and occasionally loss of lifes [9, 10] . The first report on catastrophic flash floods was from the United States, but despite the regional differences of global climate change impacts, many authors show that the regional frequency and impact of flash floods are similar in the temperate zone of both the European and North American continents [1, 11] .
In Hungary, the most devastating flash flood of the past decades occurred in Mátrakeresztes on April 18, 2005 , when the Csörgő and Kövicses Streams flooded the lower part of the village [12] . The combined losses were estimated to a total of 1 billion HUF (about 3,300,000 Euros). Massive floods also inundated the city of Kaposvár on August 21, 2008 , when 105 mm of precipitation fell in 3 hours.
The second reason for increased runoff and increased frequency of urban floods today is that the Earth's natural land cover and land use have been dramatically changed [13, 14] . According to the United Nations, 49% of the world's population lived in urban areas in 2008, while by the year 2050, this number is expected to rise to 70% [15] . Up to 95% of the ground surface in large cities is now sealed due to urban development; this is ground space through which rainwater cannot be lost and stored by infiltration. This leads to up to 75% of rainwater becoming runoff in urban areas, generating severe problems in areas of high relief and increased proportion of paved surfaces [16, 17] . To prevent localized flooding, built-up areas need to be drained of excess rain water. Traditionally this has been achieved by a series of underground pipes connected to the sewage system. In most cases, conventional type drainage systems are not built to cope with such instant changes in flow rate and volume, leading to the flooding of the drainage system or areas further downstream [18] .
Hence, the measurement and regular monitoring of boundary conditions of flash floods and creation of an early warning-system is a very important issue considering natural hazards. Such early warning or flash flood guidance systems are helpful tools in stormwater hydrology. Recently, with the increased computational capacity of informatics, computer models have become ideal tools to represent and simulate processes occurring within the hydrologic cycle. Hydrologic models, however, require detailed input parameters in order to provide sufficiently accurate output data [19] . Furthermore, data acquisition is an arduous and cost-intense procedure. To overcome such problems, well-monitored experimental watersheds or pilot catchments could provide solutions. Watersheds of this type should be monitored by either remote sensing tools or cutting-edge automated environmental instrumentation.
The first objective of the current research paper is to analyze two characteristic bankfull flow events that occurred in the drainage area of the Bükkösd Stream in the Mecsek Hills, SW Hungary between June 4, 2008 and July 2, 2009. The second goal was to estimate the sensitivity and applicability of the HEC-HMS model for reproducing these two flow peaks and assess the capability of the model for forecasting future flash floods. We also aimed to determine the sensitivity and output uncertainty of the model for various input environmental conditions, with a special focus on antecedent soil moisture values.
Materials and methods

General overview of the Bükkösd Stream and its tributaries
To achieve input data for the employed and tested HEC-HMS model, we selected the Pósa Valley as an experimental watershed (location is shown in Figure 1 ). This watershed is part of the Bükkösd Stream's drainage area in SW Hungary. The reasons for selecting this area for data acquisition were (a) its representativeness for Central European Low mountain conditions; (b) its valley has been inundated several times in historic times and (c) its relatively easy accessibility.
Both the Bükkösd Stream and its tributaries are generally characterized by a terrain of high relief and steep slopes ( Table 1 ). The trunk stream drains the northern slopes of the Jakab Hill (built up of sandstone) and the limestone area located north of the Jakab Hill, Western Mecsek Mountains (Figure 1 ). The western side of the watershed is predominantly covered by Pleistocene loess deposits with a thickness of usually more than 2 meters. The trunk stream's bed incises into the surrounding land surface by 2-3 m along most of its course. However, in places, the riverbed depth decreases to less than a meter creating alternative water flow routes and sites of inundation.
The upper catchment of the Bükkösd Stream is heavily forested with the dominance of deciduous forests, typically Table 2 ). The steepest slopes reach and even exceed 34°in all subcatchments. Table 3 . Over the last 50 years, 7 major flash flood events were reported from the broader drainage area of the Bükkösd Stream, but detailed data is only available for four cases [21, 22] . The characteristic flood events were triggered by torrential rainfalls, although the bankfull events on May 16 and June 1, 2010 were triggered by the Sophia and Angela Mediterranean cyclones that produced long-term and low-intensity rainfall over the West Hungary (Table 3) .
Weather patterns in the studied area for the May to mid-July period are typically characterized by torrential, monsoon-like rainfalls. Since the beginning of regular meteorological measurements, a maximum rainfall intensity of 114 mm/day has been observed at the Hetvehely weather station. The flood events of 1959, 1967 and 1987 were generated by extremely intense, convective rainfall events when soil moisture values were relatively high [22] . In all cases, the measured daily precipitation reached or even exceeded 60 mm, while estimated rainfall duration ranged between 1 h and 3 h in all cases [23] . Times of concentration (1-5 h) were relatively short in all cases, allowing a very limited time for prevention and evacuation. Due to their environmental settings (bottlenecks and narrow valleys), largest flood-water depths were observed in Hetvehely and Bükkösd. [23, 24] . According to the latter report, one-third of Hetvehely was impounded.
General description of the Sás Valley and the Pósa Valley
A left side tributary, the Sás Valley of the Bükkösd Stream, was studied in detail for scientific purposes. This 7.76 km 2 watershed (upstream from the stream gauge) has the highest relief among all tributary watersheds of the Bükkösd stream and can be further subdivided into two smaller subcatchments above the stream gauge ( Figure 1 ). We only analyzed data for the headwater part of the watershed (about 58% of the land area of the entire water- About two-third of the watershed area is built up of sandstone bedrock, while the remaining one-third in the northern part is carbonaceous rocks being predominantly limestone and to a lesser degree dolomite (Figure 3b ). In the low-lying parts of the watershed, however, we find young, unconsolidated loess and sandy-gravelly sediments on the surface.
Similarly to the rugged topography, soil properties indicate a high degree of heterogeneity both for textural type and soil thickness. The genetic soil type, on the other hand, is relatively homogeneous with brown forest soils with clay illuviation in the slopes and higher elevation, while the narrow alluvial plains are characterized by alluvial soils with strong hydromorphic features. To a lesser degree, Ramann-type brown earth and carbonaceous forest soils are also found in the area. The textural types were identified by both laboratory measurements and the RISSAC-generated (Research Institute for Soil Science and Agricultural Chemistry) AGROTOPO digital soil base. The dominant physical soil types in the Pósa Valley are loam and clay loam with significant fraction of coarse fragments on the steep slopes and at higher elevation (Figure 3d ). Soil and unconsolidated sediment depths were also determined for the Pósa Valley based on VES (Vertical Electric Sounding), on-site borehole and dynamic probing measurements range between 0 and 9 meters.
Data collection and analysis
As soil moisture was the principal input parameter for which we aimed to determine the sensitivity of the applied HEC-HMS model, a point-scale monitoring network was set up in the study area. Soil moisture was monitored at 14 measurement points in the northern part of the Pósa Valley in 1 to 3 week intervals ( (Figure 1 ). Measurements at each monitoring stations were carried out randomly in a circle of 1.5 meter radius. At each monitoring station, due to the large spatial heterogeneity of understory vegetation and litter cover, measurements were repeated three times. However, at measurement stations 7, 8 and 9 -where a large proportion of coarse rocky fragments is present -5 repetitive measurements were carried out. Occasionally, the TDR sensor provided results were then (oven at 105°C) verified in the Soil Physical Laboratory of University of Pécs with gravimetric soil moisture measurements following the procedure described by [25, 26] . At the beginning of the one-year long monitoring, series of measurements were taken at both litter covered and open soil surfaces. As no significant differences were observed between these two surfaces, measurements focusing on these differences were terminated. Since the HEC-HMS rainfall-runoff model parameterization requires degree of saturation as input value, obtained data were then converted to saturation degree using the following equation:
where S is the degree of saturation, θ is the volumetric water content (VWC) in the units of m 3 m −3 and ε is the soil porosity calculated from the following equation [27] : where ρ is the bulk density and ρ is the specific density. The mean obtained porosity was 0.48 for the soils found at the 14 monitoring stations. Soil moisture data were then plotted, interpolated among the point data and visualized in ArcGIS 9.2 software environment using the inverse distance weighted function. Figure 1 . We also attempted to measure precipitation totals at the soil moisture monitoring stations with manual, Hellmann-type rain gauges. Unfortunately, many of them were stolen, damaged and due to the rare read-out, evaporation losses were substantial, thus data were not used in the current study.
Parameterization of the HEC-HMS rainfall-runoff model
For the July 2 2009 flood, relatively detailed environmental parameters were available for the simulation procedure. Parameters used for the parameterization of this event includes rainfall totals, soil moisture and land use. For the June 4, 2008 event, no soil moisture data was available.
The HEC-HMS 3.5 model is comprised of two subbasins for the Sás Valley (a left side tributary of the Bükkösd Stream), for a western and an eastern watershed both being located upstream form the stream gauge (see location in Figure 3 ) and comprising a combined 58% of the total land area of the Sás Watershed. The reason for subdividing the Sás Valley watershed into two subcatchments is that the stream gauge, from which data were used, is situated immediately downstream from the confluence of the Sás and Pósa Streams. The watershed section located upstream of the stream gauge is further divided into two subcatchments ( Figure 3 ). The smaller western watershed is the Pósa Valley covers a land area of 1.7 km 2 , while the larger eastern watershed covers a land area of 6 km 2 .
The eastern watershed was completely ungauged during the aforementioned study period.
To account for loss (retention) of rainfall during the simulation runs ( due to interception, surface storage and infiltration) the Simple Canopy, Simple Surface and Soil Moisture Accounting models of HEC-HMS 3.5 were used. For the best fit between the observed and simulated flow time series the employed measurement techniques and determination methods are shown in Table 4 . Input data optimization was also carried out with unlocked antecedent soil moisture, canopy storage and surface storage values. Static (time-independent) relevant data were not changed for the two selected unit hydrograph (UHG) events while dynamic, time-dependent boundary conditions, like antecedent soil moisture values were different for the two selected UHG events. Subsequent sensitivity analyses of the HEC-HMS model was carried out at various input infiltration rates, canopy storage, soil depth and precipitation values. Model output data (at 10, 50 and 100 mm 3-hour input precipitation and at 0.25, 0.5, 0.75 and 1.00 presaturation moisture levels) were also compared with historic outflow data as a function of antecedent precipitation.
Settings of the hydraulic parameters in the HEC-HMS model
To set the hydraulic parameters in HEC-HMS, we employed the Clark Unit Hydrograph function. The time of concentration was calculated from the time difference between the maximum rainfall intensity and the peak discharge. Where maximum rainfall observation was ambiguous, time of concentration was estimated from the rainfall intensity-time of concentration correlation function (Figure 4) . A storage coefficient was calculated based on the relationship suggested by [28] .
where T is the time of concentration, R is the storage coefficient; L is the stream length and S main channel slope.
Determination of the soil physical and textural types
In order to determine the soil physical type of the monitoring stations, topsoil samples were taken from 13 monitoring stations with-a 7.5-cm diameter borehole hand auger. One station (No. 1), located on the very edge of the alluvial plain, was ignored. Soil samples were treated with 
10%
HCl and H 2 O 2 in order to remove CaCO 3 and organic matter, respectively. Following the treatments, soil samples were diluted with DI water and subsequently were centrifuged at 3,000 rpm. After centrifugation, supernatant was decanted and were oven-dried at 60°C until a paste was obtained. Particle size was then determined with static light scattering method using a Fritsch Analysette 22 (Fritsch GmbH, Idar-Oberstein, Germany) instrument.
Results
Soil moisture pattern and behavior in the Pósa Valley
In general, soil moisture contents in the Pósa Valley, besides the localized effects of soil texture and coarse rocky fragments, were primarily influenced by topography and elevation. Based on the interpolation among the measurement points, highest soil moisture contents were measured in the immediate vicinity of the floodplain, while with increasing elevation above the floodplain, decreasing soil moisture contents were observed ( Figure 5 ). The spatial soil moisture pattern shows a high-degree spatial stability (spatial ranking); this observation in the pilot catchment agrees well with the findings of multiple former studies [29] [30] [31] [32] . Usually, the lowest soil moisture content was observed at monitoring station 8. The low value of soil moisture content here is likely caused by the shallow topsoil and the high percentage of coarse rocky (sandstone) fragments. On average, the second lowest soil moisture values were measured at monitoring station 2. Here, no coarse fragments were detected in the topsoil, but the high number of roots in the rhizosphere and the large number of preferential flowpaths are likely to be responsible for the high infiltration rate. These findings were confirmed by the infiltration experiments carried out with Decagon mini disk infiltrometers (data are not shown here). The crumbly soil structure may also contribute to the high infiltration rate at this location. Monitoring station No. 10 was located at a 5-year old clear-cut site (young plantation of saplings at the time of monitoring), resulting in a more extreme soil moisture pattern. Nonetheless, the behavior of soil moisture regime compared to each other at each measurement time, was relatively consistent. In summary, the soil moisture regime clearly reflected the orographic effects, soil physical types (texture and structure) and the land use type of the given monitoring location. All these factors significantly contributed to the large spatial heterogeneity and mosaic pattern of soil moisture contents in the Pósa Valley. (Table 5 ). Significant differences between the simulated and observed flow time series curves were only observed for (i) the initial phase of the rising limb and (ii) the time of Q (Figure 8 ).
Model calibration and validation for the
The model was extremely sensitive to changes of antecedent soil moisture contents. When the antecedent soil moisture content was decreased by 1%, which equals approximately 0.005 m 3 m −3 , Q decreased to almost half of its simulated value at the best fit (0.942 m 3 m −3 ). When the initial soil moisture content was increased by 1%, the peak discharge exceeded the best fit value by 36% (Table 5). 
Model calibration and validation for the July 2, 2009 flow peak
This flash flood event was triggered by a high-intensity, short-term rainfall event of 18.9 mm that fell on the headwaters of the Sás Stream Watershed. The maximum intensity of the rainfall event reached 9.8 mm in 10 minutes which equals 58. it does not significantly contribute to direct runoff. Due to the irregular flow measurement intervals, no flow time series data were available for the period between 7 am and 3 pm on July 2, 2009. It is likely that there existed a first flow peak prior to the "large" peak round 6 pm, however we completely lack any data relevant for the first flow peak, which was likely triggered by the first rainfall event at around 11 am (Figure 7b ). The secondary "large" peak must have been triggered by the second rainfall event, as the first rainfall event must have saturated the soils and perhaps the canopy and surface storage capacity as well. Available flow data for the period of interest are shown in Table 6 . respectively, were measured. However, this VWC values is likely an underestimation of the actual value, due to the frequent rainfalls of this period, as cumulative rainfall in Hetvehely totaled 34.7 mm between June 24 and July 1, 2009. Thus we assume, based on former field experiences, that the actual antecedent soil moisture content was higher than 0.3 m 3 m −3 prior to the studied flow peak. However, with this VWC value runoff was largely overestimated when the actual rainfall (18.9 mm) measured in Hetvehely was used. In this case simulated peak discharge was 2.3 times larger than the measured value, while cumulative outflow was 2.51 times larger than the measured outflow. When rainfall data from the adjacent rainfall gauge located about 5 km SE from the Hetvehely rain gauge (southern slopes of the Jakab Hill, Mine Shaft No. 5) and the relevant rainfall radar images were analyzed we concluded that the convective event of July 2, 2009 likely occurred only on the southern part of the sub-catchment, as at this time no precipitation was detected at the rain gauge located in the western tip of the Sás Watershed (Hetvehely). Input model data was then changed by decreasing rainfall and increasing soil moisture content. The best match between the simulated and observed hydrograph was achieved when cumulative precipitation for the entire event was decreased to 12.0 mm, while VWC was increased to 0.37 m 3 m −3 . In this case, peak discharge was only 1.093 higher than the measured value, while cumulative outflow exceed the observed flow 1.46 times ( Table 5 ). This uncertainty in precipitation estimation, however, points out the need for high spatial resolution rainfall data primarily during the summer season when convective rainfall events characterize the area. Radar images may provide useful data to estimate rainfall pattern, although the 2-by-2 km spatial resolution may indicate limited application potential for accurate rainfall prediction. (Table 5) . Besides the impact of soil moisture, we tested the HEC-HMS model for various environmental parameters for the July 2, 2009 event. These parameters included maximum (initial) infiltration rate, soil depth, time of concentration, storage coefficient and canopy storage coefficient. We also analyzed the sensitivity of output flow data for input precipitation. Calculated data was then compared to the observed discharge time series data (Table 7) . These results indicated the high sensitivity of initial infiltration rate and canopy storage. When the initial infiltration rate increased from the best fit value of 37 mm h −1 to 45 mm h −1 , the peak outflow was 3.9 times higher than the observed value, while the cumulative outflow became almost 5.5 times higher than the measured one (Table 7) . When canopy storage was increased from 4 mm (best fit) to 8 the peak outflow value increase more than twofold, while the cumulative outflow increment was more than threefold (Table 7) . (Fig. ??) . The reason for the lower-than-expected discharge value is the relatively low rainfall intensity of the precipitation event (2.68 mm h −1 , cumulative rainfall of 161 mm).
In general, based on the HEC-HMS simulation runs, the best correspondence between the observed and simulated flow time series curves were obtained when initial soil moisture contents were set to 0.370 and 0.368 m 3 m −3 for the western and eastern watersheds, respectively. Both values considerably exceed the mean soil moisture values measured on June 24 and July 7. However, on June 24 we measured higher values than 0.370 3 m −3 at monitoring station No. 1, while, on July 7 five monitoring stations had higher soil moisture value than the one used for the best fit. However, the rainfall event that preceded the flood-triggering precipitation event (about 6 hours earlier) significantly increased soil moisture contents, thus the soil moisture value obtained with the best fit is considered realistic. We have to point out, however, that all input data used in the simulation runs were measured and obtained in the Pósa Valley (1.7 km 2 ), while runoff was calculated from the entire upper basin of the Sás Valley, i.e. upstream from the stream gage (a combined land area of 7.7 km 2 ).
The reason for this extrapolation was the representative- For the best fit, simulated Q exceeded the measured value by 1.3%, while more substantial difference of 11.2% was observed for the cumulative outflow. In this case we obtained a better correspondence for the rising limb between the simulated and the observed flow time series. However, the falling limb of the observed flow UHG indicated a strong tailing that was not completely reproduced (Figure ??b) . Furthermore, for the case of July 2 flash flood event we completely lacked flow data between 7 am and 3 pm. It means that there likely existed a first flow peak (undetected by the flow measurements) prior to the larger one round 6 pm. The secondary peak must have been triggered by the second rainfall event, as the first rainfall event must have saturated the soils and perhaps the canopy and surface storage capacity as well. 
Discussion
Forecasting the hydrological response of a catchment to a given rainfall event is profoundly constrained by many input parameter uncertainties. The key to decrease the level of uncertainty is the thorough monitoring of a given hydrological unit (watershed) with both ground instrumentation and remote sensing tools. Maintenance and continuous operation of such monitoring tools is arduous and costintense thus the determination of optimal sensor density is highly desired. In the presently discussed study, a HEC-HMS modelbased reconstruction was carried out for two observed flow peaks on the Sás Stream in SW Hungary. The majority of the input parameters was either quantified by field measurements and calculations or was optimized with the built-in optimization tool of the HEC-HMS program. HEC-HMS model runs focused on model sensitivity as a function of antecedent soil moisture content and soil depth. The HEC-HMS model runs are capable of reproducing the selected flow peaks on the Sás Stream relatively accurately for both selected flow peaks. The model predicted both the peak flow value and the cumulative outflow relatively accurately for the two selected flow peaks. This observation was corroborated by previous studies [33] [34] [35] , while others found moderate output performance for the HEC-HMS rainfall-runoff model [36] .
Similarly to the results of [33] , we also conclude that the HEC-HMS tended to overestimate runoff. The general shape of the hydrograph was almost accurately reproduced in model output when the right input antecedent soil moisture value was selected. The exact antecedent soil moisture values was approximated based on field measurements, but was the exact value was found with a trialand-error approximation. Nonetheless, when soil moisture was lowered or increased compared to the value of best fit, significant peak flow changes were observed. Our findings thereby point out and corroborate the findings of [37] , i.e. the high-degree sensitivity of model output for input soil moisture. HEC-HMS model simulation compared with rainfall output values at Bükkösd and Hetvehely (at 0.25, 0.50, 0.75 and 1.00 soil moisture antecedent saturation levels) also indicate that with increasing amount of 3-hour precipitation totals (and measured cumulative flow values) differences between the calculated and measured peak outflow also increase. Our findings also indicated that at low input rainfall values, the model usually underestimated the peak outflow values. Thus higher flow output uncertainty is expected at high cumulative precipitations and especially when antecedent soil moisture value is close to saturation levels. The considerable sensitivity likely increases model output uncertainty when floodgenerating threshold rainfall totals are determined. The high sensitivity for soil moisture is further exacerbated by the large spatial heterogeneity of soil moisture in watersheds of high relief. To overcome this problem, downscaling of watershed sizes may provide increased output model accuracy through the spatial homogenization of input soil properties. Nonetheless, to approximate environmental factors of these types at high spatial resolution, detailed spatial databases are unavoidable.
Conclusions
For numerical simulation of various elements of the hydrologic cycle and especially the ratio of infiltration to runoff, the measurement of antecedent (initial) soil moisture content is of particular importance. The ratio of runoff to infiltration is profoundly influenced by antecedent soil moisture contents, soil texture and hydraulic conductivity, thus awareness of watersheds-scale soil properties is also essential in stormwater management. Understanding soil moisture variability across spatial-temporal scales is of great interest in many scientific and operational hydrologic applications. Both antecedent soil moisture and initial infiltration rate are important runoff-influencing factors; however, they are highly variable both spatially and temporally. Consequently, their exact values are hard to estimate in sufficient spatial resolution at a given location.
To overcome this challenge, their numeric model-based prediction both in time and space, and their subsequent integration into watershed-scale runoff models may contribute to efficient runoff and flood forecast.
Soil moisture as an input data for runoff models is hard to predict, as it varies greatly in both space and time. However, we found that soil moisture values varied in a predictable manner in the studied watershed among the 14 measurement stations in the Pósa Valley (i.e. the order of the VWC values were relatively consistent during each measurement days). This consistent behavior is explained by the strong impact of soil properties and topography and the continuous canopy cover. Thus for a given, relatively small watershed, a measurement at one particular site would be sufficient for the estimation of soil moisture values at other sites of the watershed, once the relative differences have been measured and calibrated by either an on-site instrument or a single measurement taken by remote-sensing tools, and the measured value could be extrapolated to other parts of the watershed. We believe that regular on-site observations and (preferably automated) soil moisture measurements (using GPRS or radio transmitted data) are essential on the most hazardous watersheds to provide VWC as input parameter for the real-time runoff models.
When regular soil moisture measurements are unavailable, temporal interpolation of point-source soil moisture data is required. To achieve appropriate temporal interpolation under forest cover, many other weather components need to be considered, including (mean daily) air temperature and rainfall time series. However, correlations between runoff-influencing hydrometeorological elements need to be developed site-specifically and, following a careful calibration, later extrapolated to areas of similar environmental conditions. Additionally, for non-forested portions of the watersheds, relative humidity and wind speed need also to be considered. Thus, comprehensive watershed-based meteorological and hydrological monitoring is desirable to reliably predict flood potential. Finally, we conclude that for studies of this type a numerical model needs to be applied to generate real-time VWC values. Experimental watersheds equipped with cutting-edge hydrometeorological monitoring instruments, the development of a runoff model for flood-impacted areas in Hungary, and its integration into a flash flood guidance system (FFG) and early warning system could significantly increase flood forecast accuracy.
